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Trypanosomes are a diverse group of protozoan parasites of vertebrates transmitted by a variety of
hematophagous invertebrate vectors. Anuran trypanosomes and their vectors have received relatively
little attention even though these parasites have been reported from frog and toad species worldwide.
Blood samples collected from túngara frogs (Engystomops pustulosus), a Neotropical anuran species
heavily preyed upon by eavesdropping frog-biting midges (Corethrella spp.), were examined for try-
panosomes. Our results revealed sexual differences in trypanosome prevalence with female frogs being
rarely infected (<1%). This ﬁnding suggests this protozoan parasite may be transmitted by frog-biting
midges that ﬁnd their host using the mating calls produced by male frogs. Following previous anuran
trypanosome studies, we examined 18S ribosomal RNA gene to characterize and establish the phylo-
genetic relationship of the trypanosome species found in túngara frogs. A new species of giant
trypanosome, Trypanosoma tungarae n. sp., is described in this study. Overall the morphometric data
revealed that the trypomastigotes of T. tungarae n. sp. are similar to other giant trypanosomes such as
Trypanosoma rotatorium and Trypanosoma ranarum. Despite its slender and long cell shape, however, 18S
rRNA gene sequences revealed that T. tungarae n. sp. is sister to the rounded-bodied giant trypanosome,
Trypanosoma chattoni. Therefore, morphological convergence explains similar morphology among
members of two non-closely related groups of trypanosomes infecting frogs. The results from this study
underscore the value of coupling morphological identiﬁcation with molecular characterization of anuran
trypanosomes.
© 2016 The Authors. Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Trypanosomes are protozoan parasites that are ubiquitous
across invertebrate and vertebrate species. Indeed, trypanosomes
infect species across all vertebrate classes. Anuran trypanosomes,
however, have received considerably less attention than those in
other vertebrates even though they infect frog and toad species
worldwide (Bardsley and Harmsen, 1973; Desser and Yekutiel,
1986; Werner, 1993; Desser, 2001; Zickus, 2002; Lemos et al.,
2008). Since many anurans spend at least their earlySciences, Purdue University,
. Bernal), pintom@si.edu
Ltd on behalf of Australian Society fdevelopmental stages in aquatic environments and return to breed
as adults, leeches have long been considered the main vectors of
trypanosomes in this group (Reilly and Woo, 1982). As adults,
however, many species of frogs are preyed upon by a variety of
opportunistic and specialized hematophagous insects that may act
as possible vectors of blood parasites. Phlebotomine sandﬂies
(Phlebotomus squamirostris), for instance, transmit Trypanosoma
bocagei França 1911 to European toads, Bufo bufo (Feng and Chung,
1940). Similarly, trypanosomes may be mosquito-borne parasites
for anurans. Mosquitoes, such as Culex territans, that feedmainly on
anuran hosts have been implicated in the transmission of Trypa-
nosoma ranarum Lankester 1871 (Desser et al., 1973) but their role
as trypanosome vectors is still controversial (Ferguson and Smith,
2012). Other mosquito species such as Aedes aegypti and Culex
pipiens can transmit trypanosomes (Trypanosoma rotatoriumMayeror Parasitology. This is an open access article under the CC BY-NC-ND license (http://
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on anurans (Ramos and Urdaneta-Morales, 1977). Closely related to
mosquitoes, frog-biting midges (Corethrellidae) are small hema-
tophagous ﬂies specialized at feeding on anurans (Borkent, 2008).
These midges are thus potentially important vectors of blood par-
asites of this vertebrate clade (McKeever and French, 2000). In fact,
in the Southeastern United States, one species of frog-biting midge
(Corethrella wirthi) transmits trypanosomes to green treefrogs, Hyla
cinerea (Johnson et al., 1993). The family Corethrellidae contains
107 species of frog-biting midges, in which females are specialized
in using the mating call of frogs to localize them and obtain a blood
meal (Borkent, 2014). The frog's mating call is the main cue used by
the midges for long-distance host detection (Bernal and de Silva,
2015). Further studies that examine the role of other species of
frog-biting midges at transmitting trypanosomes are necessary to
understand the evolutionary ecology of these interactions. In this
study we investigate trypanosome infection in a Neotropical
anuran species, the túngara frog (Engystomops pustulosus), which is
heavily preyed upon by frog-biting midges.
Túngara frogs are small anurans that occur from southern
Mexico to northern South America (Colombia, Venezuela, and
Belize) and Trinidad and Tobago. Males aggregate during the rainy
season at temporary puddles fromwhere they produce mating calls
(Ryan,1985).While calling to attract amate, túngara frogmales alsoFig. 1. Photographs of túngara frogs (Engystomops pustulosus) and frog-biting midges (Coreth
(bottom) in amplexus with a male (top) covered with biting midges; (c) female (bottom) with
frogs are about 30 mm long while the frog-biting midges are only about 1.5 mm. Photos taattract frog-biting midges (Corethrella spp). These eavesdroppers
prey upon túngara frogs in great numbers (Fig. 1a). A speaker
broadcasting calls equivalent to those produced by a motivate
túngara frog male, attracts up to 511 midges in 30 min
(average ¼ 142 midges/30 min; Bernal et al., 2006). Túngara frogs
represent an ideal opportunity to investigate trypanosome infec-
tion potentially transmitted by frog-biting midges.
The goals of this study were twofold: ﬁrstly, to determine the
presence of trypanosomes in túngara frogs along with character-
izing these parasites, and secondly, to examine whether trypano-
some prevalence differs between females and males. Since as in
most anuran species, female túngara frogs do not produce mating
calls (Ryan, 1985), eavesdropping frog-biting midges most likely
only feed on male frogs. We thus expected differences in
trypanosome prevalence between male and female túngara frogs
reﬂecting the feeding habits of the frog-bitingmidges. As predicted,
we found trypanosome infected male túngara frogs and thus
implemented morphological and molecular methods to charac-
terize and infer the phylogenetic relationship of this Trypanosoma
species to other trypanosomes that parasitize other vertebrates
that inhabit aquatic and marine environments. The characteriza-
tion and phylogenetic relationships of this new Trypanosoma spe-
cies provide new information on anuran trypanosomes, a group
with poorly known taxonomic relationships (Martin et al., 2002). Inrella spp). (a) Calling male túngara frog preyed upon by frog-biting midges; (b) female
a biting midge on her nostril that was passed from the male during amplexus. Túngara
ken by Alexander Baugh (a) and Ximena E Bernal (b,c).
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trypanosome species on its type host.
2. Materials and methods
2.1. Study site and sample collection
Túngara frogs were captured at their breeding areas during the
rainy season around the Smithsonian Tropical Research Facilities in
Gamboa (9 790 N, 79 42.90 W), Panama. Individuals were brought
to the laboratory where they were measured and blood samples
were collected by toe-clipping as well as via the orbital sinus
following Lynch et al. (2006). After collecting blood samples, the
frogs were placed in individual containers with sufﬁcient amounts
of water and released within 24 h at the exact location where they
were captured. This procedure was approved by the Smithsonian
Tropical Research Institute IACUC (#2009-0616-2012-11). To
examine the presence of trypanosomes in túngara frogs and test
our prediction of sexual differences in infection, we collected 25
calling males and 15 females approaching the puddle or in
amplexus. We performed 2e5 blood smears per individual to
include both thin and thick smears for each frog, for a total of 112
blood smears (2.8 blood smears/individual). Given that some try-
panosomes in anurans are known to have nocturnal peripheral
parasitemia, bleeding of all túngara frogs was performed between
2000 and 0100 h when trypanosome parasitemia is higher in other
anuran species (Johnson et al., 1993). Túngara frogs are not preyed
upon by other biting insects and liver-baited traps at the small
temporary pools in which they breed revealed that leeches are
absent (N ¼ 5 nights, two traps a night). In addition, usually when
leeches feed on amphibian hosts they leave distinct hematomas on
their skin. Careful inspection of túngara frogs did not revealed signs
of skin lesions such as those that result from leeches (McCallum
et al., 2011; Rhoden and Bolek, 2012).
To characterize the trypanosome species using molecular tech-
niques, additional blood samples were collected from individuals
that had been conﬁrmed to be infected with the trypanosome
species described here using microscopy. Those samples were
stored in lysis buffer and preserved at 4 C for molecular analysis
(Innis et al., 1990; Longmire et al., 1997). Some frogs were kept in
captivity for longer periods to conduct behavioral experiments as
part of an additional study.
2.2. Morphological characterization
After performing the blood smears, the slides were air dried,
ﬁxed with absolute methanol and later stained using Giemsa stain
following Mohr (1981). Blood smears were thoroughly screened,
covering the entire smear at 400 magniﬁcation (1e3 h per slide)
using a Nikon Eclipse E 200 (Nikon, Chiyoda, Tokyo, Japan) micro-
scope. Once trypomastigotes were found, they were photographed
at 400 and 1000 magniﬁcation using a Nikon high-deﬁnition
color camera head DS-Fi2 and the images were transferred onto a
computer screen via a Nikon Camera Control unit DSeL2. We
measured trypomastigote morphology (total body length and
maximum width, N ¼ 39) with Nikon's NIS-Elements D research
application. Given the dark and uniform coloration of the stained
trypomastigotes, other morphological characters could not be
measured in a reliable way for any of the specimens. Additional
blood samples from ten individuals were collected and blood
smears prepared and stained using Hemacolor® Giemsa stain kit
(Merck KGaA, Darmstadt, Hesse, Germany) in an attempt to obtain
images revealing kinetoplastic morphology. Both stain techniques,
however, had limited success revealing the kinetoplast and nucleus
in the stained trypomastigote. Therefore, we could only makemorphological measures of the internal structure in a subset of the
specimens (N ¼ 14). Measurements are given as the
mean ± standard deviation in micrometers.
All blood smears were labeled and arranged in such a way to
prevent biased screening of the slides. Statistical analysis was
performed on the proportion of individuals infected across each
sex, using a two-tailed Z-test for population proportion imple-
mented through STATA 10 (StataCorp, College Station, TX, USA)
(StataCorp, 2007).
2.3. Phylogenetic relationships
We extracted DNA directly from blood samples using DNeasy
kits (Qiagen, Valencia, CA, USA) following the manufacturer's rec-
ommendations. Following Martin et al. (2002), we examined 18S
ribosomal RNA gene (18S rRNA). We ampliﬁed by PCR two over-
lapping fragment of 18S rRNAwith newly designed primers from an
alignment of frog trypanosomes. The ﬁrst fragmentd955 bpdwas
ampliﬁed with primers SSU1_F (TCTGGTTGATTCTGCCAGTAG) and
SSU1_R (AAAACCAACAAAAGCCGAAA); the second fragmentd980
bpdwas ampliﬁed with primers SSU2_F (CCAAAGCAGTCATCC-
GACTT) and SSU2_R (AGGAGCATCACAGACCTGCT). These primers
were designed from a large alignment of trypanosome species
(Hamilton et al., 2007); these primer sequences are highly
conserved among trypanosomes, likely are able to amplify multiple
species of anuran trypanosomes. Both PCR ampliﬁcations were
conducted with a touchdown PCR proﬁle (Murphy and O'Brien,
2007). After cleaning the PCR product with ExoSAP-IT (Affyme-
trix, Santa Clara, CA, USA), we completed sequencing reactions in
both directions with the ABI BigDye chemistry (Applied Bio-
systems, Inc., Foster City, CA, USA), and sequenced the fragments on
an ABI 3730xl DNA Analyzer automatic sequencer (Applied Bio-
systems, Inc., Foster City, CA, USA). We assembled contigs with the
obtained sequence chromatograms in Geneious 6.1.6 (Biomatters,
Auckland, New Zealand), resulting in sequences of 1688 bp for male
#165504 (GenBank accession number: KM406915) and 1689 bp for
male #165507 (GenBank accession number: KM406916).
We built an 18S rRNA gene matrix with the newly generated
data and previously published sequences of members of the aquatic
clade of Trypanosoma, using Trypanosoma avium Danilewsky 1885,
Trypanosoma lewisi Kent 1880 and Trypanosoma theileri Laveran
1902 as outgroups (Martin et al., 2002; Ferreira et al., 2007, 2008;
Hayes et al., 2014). We aligned the sequences using the MUSCLE
(Edgar, 2004) plugin within Geneious 6.1.6, and edited manually
obvious misplacements and removed suspicious ends of sequences
(i.e., ends with abundant substitutions while the remaining of the
alignment is conserved). The aligned matrix comprised 67 termi-
nals and a length of 2364 bp. We ran Bayesian and maximum
likelihood analyses with a single partition with the model GTRþG
in MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003) and RAxML
8.0.12 (Stamatakis, 2014) respectively. For the Bayesian analysis we
did two independent runs with 1 cold and 3 heated chains, with
sampling the chains every 100 generations. The analysis was
allowed to run until reaching estationaritydstopval set at 0.01, and
later conﬁrmed by the potential scale reduction factor values close
to 1dwhich occurred at 1,185,000 generations, and 10% of gener-
ated trees were discarded as burn in. Nodal support was estimated
with posterior probabilities. For the Maximum Likelihood we
estimated the nodal support with 1000 bootstrap pseudo
replicates.
As an additional conﬁrmation of the species status of this new
trypanosome we ran a coalescent-based species delimitation
analysis using Poisson tree processes (PTP) model (Zhang et al.,
2013). New probabilistic approaches for species delimitation pro-
vide alternatives to using arbitrary genetic thresholds and arbitrary
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species delimitation approach that attempts to identify putative
species using a single input phylogenetic treedusually built with a
single locus by modeling speciation rates directly from the number
of substitutions. We run the analysis in the bPTP web server with
our maximum likelihood tree, using 500,000 Markov chain Monte
Carlo generations, a thinning of 100 and a burn-in of 0.25.
3. Results
3.1. Species description
The trypanosomes observed in the blood smears have a unique
set of morphological characters that differentiate them from pre-
viously described species. Morphology, however, often does not
allow researchers to distinguish trypanosomes species and is
problematic for determining species relationships. We obtained
DNA sequences that revealed this lineage constitute a new species
of trypanosome that we describe below.
Taxonomic summary: Phylum Euglenozoa, Cavalier-Smith,
1981; class Kinetoplastea, Honigberg, 1963; order Trypanosoma-
tida, (Kent, 1880) Hollande, 1952; family Trypanosomatidae,
Doﬂein, 1951. Trypanosoma tungarae n. sp. Bernal and Pinto (201).
Type material: type blood smears of three infected frogs are
deposited in the Smithsonian National Museum of Natural History
(USNM Numbers TBD). Type Host: Vertebrate host is the túngara
frogs E. pustulosus (Amphibia: Leuperidae); putative vectors are
Corethrella spp. midges (Diptera: Corethrellidae). Type Locality:
Panama, Colon Province, Gamboa (30 m.a.s.l., 9 790 N, 79 42.90 W)
(Fig. 2). Location on hosts: In the vertebrate hosts peripheral
blood. The location in their putative vector frog-biting midges is
unknown (possibilities include the digestive tract, the hemocele
and the salivary glands). Distribution: Currently known only from
the type locality, Gamboa, Panama. Diagnosis: Monomorphic
trypanosome with an elongated body (52.13 ± 12.94 mm) and thinFig. 2. Map of the Republic of Panama indicating with a star the location of Gamboa, the type
World.soma (5.41 ± 3.62 mm). Free ﬂagellar length (FF), 13.20 ± 5.11 mm;
midnucleus to anterior end (MA), 42.71 ± 13.77 mm; midnucleus to
posterior end (MP), 29.67 ± 10.59 mm; midnucleus to kinetoplast,
20.31 ± 7.41 mm; posterior end to kinetoplast, 9.71 ± 3.50 mm;
relative size of ﬂagellum (FF/MA), 0.34 ± 0.14 mm; length of nucleus,
3.63 ± 1.67 mm; nuclear index (MP/MA), 0.97 ± 0.60 mm (Fig. 3). In
general, this species resembles other anuran trypanosomes from
Central and South America (Desser, 2001; Ferreira et al., 2007;
McKenzie and Starks, 2008). This species is longer and thinner
that T. rotatoriume like species found in other leptodactilyd anuran
host in South America (Lemos et al., 2008). In particular, this species
corresponds to the morphology of anuran trypanosomes with
elongated trypomastigotes with pointed ends observed in Bufoni-
dae, Leiuperidae and Leptodactylidae from Brazil (Group I, Ferreira
et al., 2007). The morphology of this species, however, is most
similar in general to Trypanosoma sp. (e) and Trypanosoma sp. (f)
described from Lithobates vaillanti syn. Rana vaillanti by Desser
(2001). Although the measurements of the species described here
match closely some characteristics of Trypanosoma sp. (e) such as
the relative length of the free ﬂagellum, other features, including
total body length and the distance from the posterior end to the
kinetoplast, are closer to the morphology of Trypanosoma sp. (f).
Some other features, however, are distinct from both Trypanosoma
sp. (e) and (f) (e.g. distance from the center of the nucleus to the
anterior end). A Trypanosoma montrealis-like species was found to
be transmitted by North American frog-biting midges (C. wirthi) in
Florida (Johnson et al., 1993). Although the body length and width
of Trypanosoma montrealis (Fantham et al., 1942) fall within the
dimensions of the species described here, that previously described
species has a much shorter free ﬂagellum than T. tungarae n. sp
(3e5.5 mm vs 13.20 ± 5.11 mm). The validity of T. montrealis, how-
ever, has been questioned (Werner et al., 1988). More detailed
morphological comparisons with previously described species of
anuran trypanosomes from the same geographical area are unfea-
sible given that detailed morphological measurements are notlocality of Trypanosoma tungarae n. sp. Insert shows the location of Panama in the New
Fig. 3. Light microscopy of Trypanosoma tungarae n. sp. (Giemasa-staining). (aee) Trypomastigotes stained using Hemacolor® Giemsa stain kit (Voigt Global Distribution Inc, USA);
(fei) Trypomastigotes stained using Giemsa stain following Mohr (1981). Scale bars: 10 mm.
X.E. Bernal, C.M. Pinto / International Journal for Parasitology: Parasites and Wildlife 5 (2016) 40e4744often reported and recent, updated species descriptions frequently
focus on the species genotypes (e.g Ferreira et al., 2007). Intra-
speciﬁc morphological variation of amphibian trypanosomes,
however, is so high that precludes its use for species identiﬁcation.
For example, amphibian trypanosomes can signiﬁcantly change
their morphotype when infecting different hosts (Hysek and Zizka,
1976).
This species does not resemble in morphology Trypanosoma
chattoni, the closest related species known to date (see under
Phylogenetic relationships below), that has a characteristic round to
oval body (Lemos et al., 2008). Trypomastigotes of both species,
however, have large size and this new species thus becomes a new
member of the giant trypanosomes that includes species such as
Trypanosoma mega, T. ranarum and T. rotatorium (Martin et al.,
2002). Despite the widespread distribution of T. chattoni
including Asia (China, Werner, 1993; Kyushu and Ryukyu Islands,
Miyata, 1978; Thailand, Sailasuta et al., 2011), North America
(United Sates, Diamond, 1965; Canada, Jones and Woo, 1986) and
South America (Brazil, Lemos et al., 2008), this species is mono-
morphic with little geographic variation. Both T. chattoni and
T. tungarae n. sp. have heavily stained cytoplasms that often obscure
the nucleus and kinetoplast. When visible, the kinetoplast lays to-
wards the anterior end at about a fourth of the total length of the
cell. Glass slides of Giemsa-stained smears from túngara frog blood
samples and DNA samples are kept at the Smithsonian National
Museum of Natural History, Washington, DC. To comply with the
regulations of the International Code of Zoological Nomenclature
(ICZN), details of this species have been submitted to ZooBank with
the Life Science Identiﬁer (LSID) zoobank.org:pub:TBD.
Etymology: Túngara (English pronunciation: toon-gah-rra) isthe common name of the frog E. pustulosus, the vertebrate host of
this new species of trypanosome. Túngara is a feminine Spanish
onomatopoeic word resembling part of the singing repertoire of the
E. pustulosus males. We treat tungarae as a feminine noun in the
genitive case.
3.2. Host prevalence
Consistent with our prediction, we found sexual differences in
trypanosomes infection in túngara frogs (Z-test, Z ¼ 2.28,
p ¼ 0.022).While 40% of male túngara frogs sampled were infected
with this blood parasite, only 6.6% of the females were infected
(males: 10/25; females: 1/15). Wewere, however, expecting that no
females would be infected since female túngara frogs do not
vocalize. Frog-biting midges are attracted to the mating calls pro-
duced by males (Bernal et al., 2006; Borkent, 2008; McKeever and
Hartberg, 1980), so our results beg the question, if frog-biting
midges are the vectors, how did a female become infected with
this new species of trypanosomes? Careful inspections of our re-
cords conﬁrmed this result and ﬁeld observations revealed a po-
tential path of transmission for female frogs to be infected. When
túngara frog are in amplexus, frog-biting midges attempting to feed
on the calling male have an opportunity to move directly from their
original victim, the male, to the female and obtain a blood meal
(Fig. 1b,c).
3.3. Phylogenetic relationships
The maximum likelihood and the Bayesian inference phylog-
enies of the 18S rRNA gene are highly concordant, and show strong
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arae, in the clade with aquatic trypanosomes; however, several
internal branches are poorly supported for both methods. Trypa-
nosoma tungarae n. sp. is sister to T. chattoni, and both form a highly
supported clade sister to other trypanosomes of South American
frogs (Fig. 4).
Both, the maximum likelihood and Bayesian solutions of the
putative species delimitation analysis in PTP indicate that
T. tungarae n. sp. is a different species from other trypanosomes for
which molecular data is available. Also, the PTP analyses indicate
that it might be some over splitting of species in ﬁsh trypanosomes,
and several unrecognized species of frog trypanosomes (Fig. 4). The
two sequences of T. tungarae n. sp. diverge in eight nucleotides, and
it is likely that additional genetic variation can be found within the
study area. Despite that the 18S rRNA gene is a slowly evolving
marker, the variation that we found is not surprising given the
complex patterns of intra and inter speciﬁc trypanosome diversity
found in this geographic region (Pinto et al., 2012; Cottontail et al.,Fig. 4. Phylogeny of the aquatic clade, and PTP species delimitation results. Best maximu
outgroups. Numbers on the branches represent support values corresponding to 70% boo
highlighted with colored boxes to indicate host associations. Color of the branches indicate t
single species, blue terminal branches indicate that only one sample is included in such spe
and sample or isolate code. Star indicates the position of T. tungarae n. sp. (For interpretation
of this article.)2014).4. Discussion
Our results revealed that while male túngara frogs are
frequently infected with trypanosomes, females rarely carry these
parasites. Since females do not vocalize, they do not attract frog-
biting midges (Bernal et al., 2006) and are thus rarely in contact
with this putative vector. Similarly, sexual differences in prevalence
of trypanosomes in green treefrogs, H. cinerea, were reported in the
Southeastern United States where frog-biting midges (C. wirthi)
were implicated as vectors of this parasite (Johnson et al., 1993).
Transmission of T. tungarae n. sp. by vectors other than frog-biting
midges seems unlikely. Leeches, common vectors of trypanosomes
of the aquatic clade (Hamilton et al., 2007), are absent from the
breeding puddles of túngara frogs in the study population.
Although we collected leeches at our study site in larger ponds
where other anurans breed, no leeches were found using the samem likelihood tree of the18S rRNA gene of member of the aquatic clade and selected
tstrap replicates (left) and 0.9 Bayesian posterior probabilities (right). Subclades are
he PTP species delimitation results; monophyletic groups in red indicate members of a
cies. Names of the terminals indicate the GenBank accession numbers, scientiﬁc name,
of the references to color in this ﬁgure legend, the reader is referred to the web version
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have spent observing túngara frogs in the ﬁeld and collecting in-
sects biting them (>100 h), no other blood-sucking insects or le-
sions potentially inﬂicted by leeches have been detected. The high
numbers of frog-biting midges that bite túngara frogs (Bernal et al.,
2006), combined with their ability to transmit this parasite to other
frogs (Johnson et al., 1993), strongly suggest frog-bitingmidgesmay
be the main vectors of T. tungarae n. sp. The advertisement call of
túngara frogs attracts at least seven species of frog-biting midges
(Bernal et al., 2006) and it is unclear if all, or only some, of those
species may act as vectors of T. tungarae n. sp. Further studies that
conﬁrm the presence of T. tungarae n. sp. in the midgut or salivary
glands of frog-biting midges and examine species differences in
transmission of trypanosomes among frog-biting midges are
necessary to conﬁrm that the midges are indeed the vectors of
T. tungarae n. sp. These studies would also provide valuable insights
by clarify the degree of species speciﬁcity of trypanosomes and the
midges.
In addition to frog-biting midges, there are other dipterans that
are potential vectors of blood parasites that in general should be
considered when investigating the transmission patterns of
amphibian trypanosomes. There are, for instance, at least two
species of mosquitos that use the mating calls of frogs to ﬁnd their
victim and feed exclusively on anurans (Uranotaenia lowii, Borkent
and Belton, 2006; C. territans, Bartlett-Healy et al., 2008). Other
frog-biting insects such as Forcipomyia species specialize on am-
phibians (Thompson, 1969) and could also act as vectors of anuran
trypanosomes. Although at our study site túngara frogs are only
preyed upon by frog-biting midges, frogs and toads are often bitten
by a wide range of insects. Considering all potential vectors of
anuran trypanosomes is essential to understand the dynamics of
these protozoan parasites.
This description of a new species of Trypanosoma here highlights
an interesting pattern of convergence in morphology among
members of two non-closely related groups of trypanosomes
infecting frogs. The morphometric data revealed that the trypo-
mastigotes of T. tungarae n. sp. have overall similarity to other giant
trypanosomes such as T. rotatorium and T. ranarum. Despite its
slender and long cell shape, however, T. tungarae n. sp. is sister to
T. chattonida highly derived trypanosome with a large rounded
body, lacks a free ﬂagellum, and lack of undulating membrane
(Martin et al., 2002; Lemos et al., 2008). This convergence in
morphology, however, could be explained by functionality; the
sizes of the host's erythrocytes are correlated with the morphology
of trypanosomes suggesting adaptations of the trypanosomes to
the host environment (Wheeler et al., 2013). We limit our discus-
sion to comparisons between T. tungarae n. sp. and species of try-
panosomes from the phylogenetic tree used here because (i) we are
conﬁdent they represent separate lineages, and (ii) it is difﬁcult to
rely on morphology to discern between blood trypanosomes (Lima
et al., 2012; Fermino et al., 2015). Sequences, however, are not
available for all anuran trypanosomes described to date. Therefore,
it is possible that T. tungarae n. sp. may be equivalent to a previously
described, unnamed trypanosome for which no molecular data is
yet available. Further studies of trypanosome diversity in anurans
that include a combination of morphological and molecular work
would provide an opportunity to identify further cases of
morphological convergence and overall patterns of evolution
within members of the aquatic clade.
Despite signiﬁcant efforts to revise the phylogenetic relations
and taxonomic status of anuran trypanosomes (Diamond, 1965;
Ayala, 1970, 1971; Desser and Yekutiel, 1986; Desser, 2001; Martin
et al., 2002; Ferreira et al., 2007, 2008; Lemos et al., 2008), there
is still an urgent need for an extensive revision of this group of
parasites. The phylogeny of anuran trypanosomes needs inparticular the advancement of the development of tools to include
additional genes. Traditionally only the 18S rRNA and gGAPDH
genes have been used for trypanosome phylogenetics (e.g.
Hamilton et al., 2007), and most of the work conducted on the
aquatic clade has relied only on data from one gene (this study,
Martin et al., 2002; Ferreira et al., 2007, 2008; Hayes et al., 2014).
Perhaps the difﬁculties associated with amplifying markers
different to the 18S rRNA directly from DNA extracted from blood
and tissues have hampered the efforts to build stronger phylog-
enies of this clade. In this study, we failed to amplify the gGAPDH
gene using published and new primers. As a consequence, our
analysis only includes one gene and several relationships are thus
not well supported in our phylogeny. For example, there is little
support for the relationships among the subclades that we identi-
ﬁed. Despite this challenge, however, fragments of the 18S rRNA
gene have been successfully used to characterize trypanosome
species in other systems (e.g., Hayes et al., 2014) and the DNA se-
quences found in this study indicate the trypanosome examined
here represents a single, new lineage.
The PTP species delimitation approach we used here is a reliable
method to tentatively identify trypanosome species using phylo-
genetic data. Another study explored the usefulness of this method
in uncovering several species of trypanosomes in a single location
providing convincing evidence of its reliability (Cottontail et al.,
2014). Multiple loci and multiple delimitation approaches, how-
ever, are necessary to conﬁrm these inferences (Carstens et al.,
2013). Nonetheless, for organisms as poorly studied as the try-
panosomes of wildlife, the PTP method is promisingdat least until
generating data from multiple genes is a common practice.
Trypanosoma tungarae n. sp. is currently only known from its
type host, túngara frogs. Although a trypanosome was previously
reported to be transmitted by frog-biting midges to another anuran
in the Southeastern US (Johnson et al., 1993), its relationship to
T. tungarae n. sp. is unknown because it was not characterized. Few
studies have investigated host speciﬁcity of anuran trypanosomes.
Studies have described the presence of the same trypanosome
species across a broad range of frogs and toads (Ray and Choudhury,
1983) and, given that vectors are often associated with several
species of vertebrate hosts (Ferreira et al., 2008), their association
to only one or few anuran species seems unlikely. The diversity of
hosts used by T. tungarae n. sp. requires further examination. Other
potential anuran hosts include, for instance, include the hourglass
frog (Dendrosophus ebbracatus) and yellow cricket treefrog
(D. microcephalus) that are also victims of frog-biting midges (de
Silva et al., 2014), the putative vector of T. tungarae n. sp. in this
area. Investigating the diversity of hosts of T. tungarae in further
studies will be important to understand the patterns of this blood
parasite's dynamics in this anuran community.
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